Abstract: Continuous and accurate spatiotemporal precipitation data plays an important role in regional climate and hydrology research, particularly in the arid inland regions where rain gauges are sparse and unevenly distributed. The main objective of this study is to evaluate and bias-correct the Tropical Rainfall Measuring Mission (TRMM) 3B42V7 rainfall product under complex topographic and climatic conditions over the Hexi region in the northwest arid region of China with the reference of rain gauge observation data during 2009-2015. A series of statistical indicators were adopted to quantitatively evaluate the error of 3B42V7 and its ability in detecting precipitation events. Overall, the 3B42V7 overestimates the precipitation with Bias of 11.16%, and its performance generally becomes better with the increasing of time scale. The agreements between the rain gauge data and 3B42V7 are very low in cold season, and moderate in warm season. The 3B42V7 shows better correlation with rain gauges located in the southern mountainous and central oasis areas than in the northern extreme arid regions, and is more likely to underestimate the precipitation in high-altitude mountainous areas and overestimate the precipitation in low-elevation regions. The distribution of the error on the daily scale is more related to the elevation and rainfall than in monthly and annual scale. The 3B42V7 significantly overestimates the precipitation events, and the overestimation mainly focuses on tiny amounts of rainfall (0-1 mm/d), which is also the range of false alarm concentration. Bias correction for 3B42V7 was carried out based on the deviation of the average monthly precipitation data during 2009-2015. The bias-corrected 3B42V7 was significantly improved compared with the original product. Results suggest that regional assessment and bias correction of 3B42V7 rainfall product are of vital importance and will provide substantive reference for regional hydrological studies.
Introduction
At present, global climate change and frequent human activities have caused a profound impact on the hydrological cycle [1] [2] [3] [4] . These changes are particularly pronounced in the arid region where the water circulation and the stability of ecosystems are more severe due to water shortages [5, 6] . Continuous, accurate and reliable precipitation observation is key important input variable for climatic and hydrologic research [7, 8] . However, meteorological stations are very sparse and unevenly distributed in most arid and semi-arid regions for the adverse natural conditions [9, 10] , and the available precipitation data cannot meet the needs of the climate and hydrological research. Moreover, the existing meteorological stations are mostly located in plains or valleys, from which the observed precipitation data cannot effectively reflect the precipitation characteristics of the high lands, where the cold alpine areas are the runoff-forming regions [8] . These limitations make it difficult to recognize and understand the water cycle in the arid inland regions.
Over the past decade, several projects on monitoring precipitation have been carried out at global scale to improve the spatial and temporal estimation of precipitation. Satellite remote sensing precipitation products are particularly valuable in providing spatial-temporal continuous rainfall data, especially in areas where in situ measurements are sparse (leading to greater uncertainty in spatial interpolation products) or absent, like the arid region of northwest China [11] [12] [13] [14] . Tropical Rainfall Measuring Mission (TRMM) is one of the most important precipitation projects in hydrological research.
In the past few years, numerous studies have been carried out to validate the TRMM precipitation product in different regions [15] [16] [17] [18] [19] [20] . Tong et al. evaluated four widely used global high-resolution satellite precipitation products against gauge streamflow observations over the Tibetan Plateau [21] . The good performance of 3B42V7 rainfall product was reported in simulating both monthly and daily runoff against CMORPH, PERSIANN, and TRMM 3B42RT [21] . Li et al. demonstrated that TRMM satellite was inclined to underestimate the monthly rainfall in Xinjiang catchment, Poyang lake basin [22] . Yang et al. evaluated the TRMM 3B42V7 rainfall product using gauge precipitation observations and then investigated its application in supporting reservoir operation and water resources management, considered that the 3B42V7 can capture well the spatial and temporal characteristics of precipitation and perform well in water allocation decision-making over the Hanjiang basin in China [23] . Different studies show that the applicability and accuracy of the satellite rainfall products in different regions are significantly differ for diverse inversion algorithm and underlying surface [19, [24] [25] [26] .
Satellite rainfall products are affected typically by systematic and random error [27] . The uncertainty of data accuracy and its insufficient latency and spatial/temporal resolution all limit the application of satellite rainfall products in hydrological research [28] . Recent studies have shown that even in poorly measured areas, hydrological simulations using satellite rainfall products are comparable or inferior in performance to simulations using even a small amount of ground rain gauges [29, 30] . Thus, bias correction is an important prerequisite for applying these spaceborne rainfall data to hydrological models. The bias correction method can vary from simple linear correction [31] to a more complex histogram matching, which can correct multiple moments of the variable distribution at one time [32] . Additionally, bias correction work has proven to improve the original satellite rainfall product.
The northwest Arid Region of China is one of the regions most sensitive to global climate warming [33, 34] . Complex topographic and climatic conditions as well as the sparse distribution of meteorological stations here all make it difficult to observe the precipitation, whereas the sensitive eco-hydrological environment within the region makes the regional hydrology, climate and ecological research extremely important [35] [36] [37] [38] . With such a background, continuous and accurate precipitation products are crucial. Furthermore, the precision of different satellite precipitation products and reanalyzed precipitation datasets also have an important dependence on regional terrain conditions, climate conditions and even the density of weather stations [39, 40] . Accurately assessing the error characteristics of different rainfall products in the arid region has a crucial role for regional climate and hydrological research as well as the precipitation products' improvement. However, due to the limited ground-based observations, the assessment of satellite precipitation products in the northwestern arid region is relatively rare and faces enormous challenges.
Water resources in the Hexi region are mainly distributed in a number of relatively independent inland river basins, of which the cold alpine areas are the runoff-forming regions, while the piedmont plains or basins are the runoff loss regions. Such topographic features and spatial distribution characteristic of runoff result in the unique hydrological and water resources systems in the northwest arid region of China. Water resources in arid inland river basins of the Hexi region are not only valuable resources, but also an important environmental factor due to the low precipitation and dry climate. Accurate spatial and temporal precipitation data is of great significance to climate and hydrology research in the Hexi region. However, the complex terrain caused a complexity of the precipitation distribution and more difficulties to observe precipitation in the area. Although many evaluation studies have been launched, the comprehensive data assessing work for the Hexi region is still rare. How accurately the satellite rainfall products reflect the precipitation in mountainous, oasis and deserts in the inland arid region of northwestern China remains unknown. Thus, we selected the TRMM 3B42V7 rainfall product and quantitatively evaluated its error characteristic and detection capability based on existing meteorological stations and in situ observed precipitation data from 2009-2015. Additionally, the causes of different error indicators were briefly analyzed. Results of the paper will provide detailed data support and references for the climate and hydrology research as well as rainfall data accuracy corrections for the Hexi region.
Materials and Methods

Study Area
The Hexi region is located in the northeastern edge of the Qinghai-Tibet Plateau descending zone, where is the transitional zone between the Asian summer monsoon and westerlies [41] , within a latitude of 36.8-43.0 • N and longitude of 92.9-104.5 • E (Figure 1 ), which have an area of 31.72 × 10 4 km 2 . There are three inland river basins in the study area: the Shiyang River basin, the Hei River basin and the Shule River basin. The region also includes two deserts: the Badain Jaran desert and the Tengger desert. The Hexi region is dominated by an arid continental climate, with an annual mean air temperature of 5-9 • C. The annual mean precipitation decreases from more than 500 mm in the southern mountains to less than 50 mm in the northern desert with an average evaporation of over 2000 mm per year [42, 43] . The precipitation also shows an obvious seasonal distribution characteristic, more than 75% of the annual rainfall occurred during the period July to August [44] . Rivers of the Hexi region originating from the Qilian Mountains are ephemeral, flowing from south to north through the oasis and disappearing into the deserts. Precipitation and melting water from high-altitude mountains are important water supply to the rivers [6] . The density of meteorological stations in the study area is relatively low, approximately 15,858.71 km 2 /rain gauge, which is far below the national average. What is more, affected by the regional physical and geographical conditions, the meteorological stations here are extremely unevenly distributed, and are mostly located in the oasis zone with a mean elevation of 2000-3000 m. The scarcity of meteorological stations in the high mountainous and the desert regions has hampered hydrology and water resources research in the Hexi region. 
Data
TRMM Satellite Precipitation Data
TRMM is a joint mission between the National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency (JAXA), and aims to measure the intensity and area coverage of rainfall around the tropical and semi-tropical area where two thirds of the world's rainfall happens [45, 46] . TRMM 3B42V7 precipitation product can provide relatively high-precision precipitation data with temporal resolution of 3 h and spatial resolution of 0.25° × 0.25° between latitude 50° N and latitude 50° S, which were used in this study. The daily meteorological precipitation data used in the study is the total precipitation between 20:00 of the previous day and 20:00 of the current day in UTC 8. For the sake of uniting time, we converted the 3B42V7 rainfall data from UTC 0 into UTC 8 of the Hexi region, corresponding to the precipitation of 12:00 of the previous day to 12:00 of the current day [19] . The 3B42V7 rain rate is a 3-hourly average centered at the middle of each 3-h period (i.e., 0Z, 3Z, 6Z, 9Z, 12Z, 15Z, 18Z, and 21Z). To convert these rainfall rates to total daily rainfall, first multiply each 3-hourly rainfall rate by 3 h, to get the total rainfall for each 3-h period. In order to compare the product with observed precipitation data, 3-h 3B42V7 data were accumulated to derive the daily, monthly and annual precipitation from 2009-2015.
Meteorological Stations Based Precipitation Data
The daily precipitation datasets from 23 meteorological stations were used to evaluate the TRMM 3B42V7 precipitation product in this study. The data of the 20 meteorological stations were downloaded from the China National Meteorological Information Center (http://data.cma.cn/). The daily data downloaded were also used to calculate the monthly, seasonal and the annual total precipitation in the HEXI Region from 2009-2015. The data for the three additional stations were obtained from the Shule River Field Observational Stations, Chinese Academy of Science. The observed precipitation data (PG-3446, PG-3915 and PG-4164) were measured by Geonor T-200B 
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Meteorological Stations Based Precipitation Data
The daily precipitation datasets from 23 meteorological stations were used to evaluate the TRMM 3B42V7 precipitation product in this study. The data of the 20 meteorological stations were downloaded from the China National Meteorological Information Center (http://data.cma.cn/). The daily data downloaded were also used to calculate the monthly, seasonal and the annual total precipitation in the HEXI Region from 2009-2015. The data for the three additional stations were obtained from the Shule River Field Observational Stations, Chinese Academy of Science. The observed precipitation data (PG-3446, PG-3915 and PG-4164) were measured by Geonor T-200B weighing gauge (sensitivity 0.1 mm), which were set in July 2008 with the time resolution of 10 min. In order to reduce the rainfall loss caused by wind and evaporation, a windproof ring was installed, and antifreeze and oil were also added to the tank of the Geonor T-200B weighing gauge (Geonor, Inc., Oslo, Norway). The evaluation of the TRMM 3B42V7 rainfall product was carried out for daily, monthly, seasonal and annual aggregate periods. Table 1 lists the rain gauges that were used in this study. In this study, six widely used statistical approaches were adopted to evaluate the TRMM 3B42V7 rainfall product against the rain gauge data. Correlation Coefficient (CC) measures the goodness of fit and linear association between satellite products and rain gauge data [23] . Root Mean Square Error (RMSE) is used to measure the average error magnitude, and is very sensitive to the outliers. Mean Error (ME) refers to the average of all the errors between satellite precipitation and rain gauge observations. Mean Absolute Error (MAE) is the mean of absolute error, which can better reflect the actual situation of the satellite products' error. Relative Bias (Bias) describes the systematic deviation between satellite precipitation and rain gauge data, whereas Relative Absolute Bias (ABias) shows the absolute bias of satellite products [17, 18] . The mathematical representations for CC, RMSE, ME, MAE, Bias and ABias are given below:
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where P gi , P si are the values of the rain gauge observations and the satellite precipitation estimates in corresponding stations (mm); P g , P s are the mean values of the rain gauge data and the satellite precipitation estimates (mm); i is the index of the station or satellite precipitation number and n is the total number of stations or satellite precipitation data. In order to evaluate the ability of TRMM 3B42V7 to detect rain/no rain events, four categorical statistical indices were also adopted in this study: Probability of Detection (POD), False alarm Rate (FAR), Frequency Bias Index (FBI) and Critical Success Index (CSI) [18, 19, 47] . POD, also known as the hit rate, denotes the ratio of rain events that were correctly detected to the total observed events by rain gauge. FAR gives the fraction of rain events falsely alarmed to the total detected events by satellite. FBI is the ratio of the rain events detected by satellite to the observed ones by rain gauge. Critical success index (CSI) measures the ratio of rain events correctly detected by satellite to the total number of all observed and detected rain events. The mathematical representations of these indices are given below:
where H is the number of hit (i.e., precipitation event was detected to occur and observed to occur), M is the number of miss (i.e., precipitation event was not detected to occur but observed to occur), F is the number of false alarm (i.e., precipitation event was detected to occur but not observed to occur), and N is the number of correct negative (i.e., precipitation event was not detected to occur and not observed to occur). The perfect scores of POD, FAR, FBI and CSI are 1, 0, 1 and 1, respectively.
BIAS Correction Methods
For TRMM 3B42V7 rainfall product, several different time scales (hourly, daily, monthly, etc.) have been considered for bias correction. The monthly precipitation estimate, due to its relatively long series and high correlation with ground observation, is widely discussed in bias correction studies [48] [49] [50] [51] . In this study, we adopted the bias correction method of Arias-Hidalgo et al. [48] to improve the 3B42V7 rainfall product in the Hexi region. This method assumes that the bias of 3B42V7 at a specific grid is similar to those nearest grid with a station inside it. It also assumes that if the 3B42V7 at grids with stations overestimate or underestimate the precipitation by a certain percentage, the 3B42V7 values of nearby grids contain the similar biases, and these biases can be removed from the original 3B42V7 estimates.
First, the accumulated monthly precipitation measured at each station was compared with their 3B42V7 estimates during the study period (2009) (2010) (2011) (2012) (2013) (2014) (2015) . Equation (11) 
expresses a relationship between
Water 2018, 10, 1006 7 of 26 station and its corresponding original 3B42V7 monthly estimates, at a certain station i. Then the corrected 3B42V7 monthly precipitation at the location i can be calculated as follows:
where K i is the bias corrector factor at the station i; GP i is the accumulated monthly rainfall from ground observations at station i; TRMM i is the accumulated monthly rainfall of original 3B42V7, at the location of station i; TRMM i,m is the original 3B42V7 monthly rainfall (mm/month), at the location of station i during the month m; TRMM corr,i,m is the bias-corrected monthly 3B42V7 precipitation value at station i (mm/month) during the month m.
In order to obtain the bias-corrected data at daily scale, the bias-corrected 3B42V7 monthly precipitation values were disaggregated into daily time series ones for each grid. To achieve this, temporal disaggregation coefficients ( f i ) were first derived from the station daily time series, and then applied back to the bias-corrected 3B42V7 monthly values to calculate the daily series estimates. The bias-corrected daily precipitation was calculated as follows:
where f i,d,m is the temporal disaggregation coefficient at the station i, for the day d of month m; P i,d,m is the total rainfall at the station i on the day d of month m (mm/day); TP i,m is the accumulated rainfall at the station i during month m (mm/month); TRMM corr,i,d is the disaggregated, bias-corrected daily 3B42V7 precipitation value at station i (mm/day) for month m.
Results and Discussion
Assessment Results
Overall Assessment
In this section, comparative analyses of precipitation at different time scales are discussed. Figure 2 shows the rainfall scatter plots of 3B42V7 against meteorological stations over the Hexi region at multi-time scales from 2009-2015. In general, the 3B42V7 rainfall product can reflect the distribution of precipitation in the study area. On the daily time scale (Figure 2a ), a correlation of 0.53 is shown between 3B42V7 rainfall product and the meteorological stations data. As for numerical differences, a slight overestimation is shown by 3B42V7 rainfall product with the ME of 0.06 mm. In addition, the average error magnitude of 3B42V7 measured by MAE and RMSE is 0.64 and 2.21 mm respectively, indicating a slight difference between 3B42V7 rainfall product and the meteorological stations data. From Figure 2b ,c, the CC values for monthly and annual precipitation data are 0.89, 0.91, respectively, which indicates an obvious linear correlation and consistency between 3B42V7 and rain gauge precipitation data. In terms of bias, the Relative Bias (Bias) and Relative Absolute Bias (ABias) between the two datasets were calculated respectively. As shown in Table 2 , the same Bias (11.16%) is got on the daily, monthly, and annual time scales, but the ABias tends to decrease as the time scale increases (121.99%, 43.80%, 25.87% respectively). With the increase of time scale, the values of ME, MAE and RMSE of 3B42V7 increase and the ABias decrease, indicate an increase in deviation amount and decrease in deviation ratio. On the whole, the 3B42V7 rainfall product can capture the variations of precipitation in the Hexi region, but its overestimation compared with ground observations is not negligible in the process of data use.
indicate an increase in deviation amount and decrease in deviation ratio. On the whole, the 3B42V7 rainfall product can capture the variations of precipitation in the Hexi region, but its overestimation compared with ground observations is not negligible in the process of data use. Compared with other evaluation studies in China, the accuracy of 3B42V7 rainfall product in the Hexi region is significantly lower than that in the southeastern region of China [18, 23, 52] , but slightly better than that of the Tibetan Plateau [17, 21] . The main reason for this difference is the different geographical location, underlying surface and climate conditions in different research areas, which will significantly affect the detection capability of remote sensing satellites [53] [54] [55] . Furthermore, the 3B42V7 rainfall product incorporates various satellite datasets and Global Precipitation Climatology Center (GPCC) data with improved climatology and anomaly analysis [19, 56, 57] , and uses many gauging stations in bias correction algorithm [58, 59] . Therefore, the ground observation density will affect the accuracy of the product to a certain extent. About the bias correction of the TRMM, a very interesting difference was found between our research and the study by Cai et al. [19] in the HunTai Basin, where a larger bias and lower CC values was represented. The HunTai Basin (situated between 40.5-42.5° N) in northeast of China and the Hexi region (situated between 36.8-43.0° N) in northwestern China are both located in the middle latitudes, which are beyond the inclined TRMM satellite orbital latitude band (36° NS), with a complex terrain. However, its density of the meteorological stations is far greater than that of the Hexi region (226.46 km 2 /rain gauge vs. 15,858.71 km 2 /rain gauge) [19] . In the context of such high Compared with other evaluation studies in China, the accuracy of 3B42V7 rainfall product in the Hexi region is significantly lower than that in the southeastern region of China [18, 23, 52] , but slightly better than that of the Tibetan Plateau [17, 21] . The main reason for this difference is the different geographical location, underlying surface and climate conditions in different research areas, which will significantly affect the detection capability of remote sensing satellites [53] [54] [55] . Furthermore, the 3B42V7 rainfall product incorporates various satellite datasets and Global Precipitation Climatology Center (GPCC) data with improved climatology and anomaly analysis [19, 56, 57] , and uses many gauging stations in bias correction algorithm [58, 59] . Therefore, the ground observation density will affect the accuracy of the product to a certain extent. About the bias correction of the TRMM, a very interesting difference was found between our research and the study by Cai et al. [19] in the HunTai Basin, where a larger bias and lower CC values was represented. The HunTai Basin (situated between 40.5-42.5 • N) in northeast of China and the Hexi region (situated between 36.8-43.0 • N) in northwestern China are both located in the middle latitudes, which are beyond the inclined TRMM satellite orbital latitude band (36 • NS), with a complex terrain. However, its density of the meteorological stations is far greater than that of the Hexi region (226.46 km 2 /rain gauge vs. 15,858.71 km 2 /rain gauge) [19] . In the context of such high density of meteorological stations, the reason for the lower accuracy of 3B42V7 rainfall product in the HunTai Basin is mainly related to its distinctive terrain and relatively high latitude location. Overall, the accuracy of TRMM 3B42V7 rainfall product is significantly affected by the elevation, climatic conditions, underlying surface and latitude of the study area. The accuracy of 3B42V7 in the Hexi region is relatively low; its error and detection capabilities at different time scales and spaces will be elaborated in the following sections. 34 .78% in summer (April-June), 56.59% in autumn (July-September), and 5.96% in winter (October-December). According to Equations (1)- (6), the statistical indicators of seasonal rainfall between rain gauge data and 3B42V7 in different seasons were calculated in Figure 3 . Results show that the 3B42V7 generally overestimates the rainfall in all seasons, and the detection ability varies greatly in different seasons. The CC values are much higher in autumn (0.91) and summer (0.84) than in winter (0.57) and spring (0.51). Other indicators were also calculated respectively in Table 3 . The Bias is lowest in fall, at 6.01%, followed by summer (11.32%), and the winter and spring were 36 In general, the 3B42V7 rainfall product performs better during warm season (summer and autumn) than in cold season (spring and winter). This is consistent with the study of Chen et al. [60] and Zhao et al. [61] that evaluated TRMM 3B42V7 rainfall product over China. The relatively high latitude location of the Hexi region and its significant seasonal distribution of precipitation are the main factors for this seasonal difference. As we all know, The TRMM was originally launched to measure the intensity and area coverage of rainfall around the tropical and semi-tropical areas, as the latitude increases, the detection capability gradually decreases. In addition, the TRMM sensors have better detection capability on the heavy precipitation cloud system [14, 62] , while over 90% of the precipitation in the Hexi region is concentrated in the warm season, and the heavy precipitation events are all concentrated in this period. In contrast, the poor performance of TRMM 3B42V7 during the cold season can be attributed to the poor detection capability of the light precipitation (less than 3 mm/day) [63] . Therefore, when 3B42V7 rainfall product is applied to climate and hydrological researches, further data corrections are required. Special attention should be paid to the error distribution characteristics of different seasons, and the improvement in cold season must be strengthened. The spatial distribution of precipitation in the Hexi region not only shows a trend of increasing with altitude, but also presents a significant increasing trend along with the increase of longitude, characterized by the rainfall's gradually increase from north to south, west to east. In order to analyze the relationship between the error indices of 3B42V7 rainfall product and different topographic features, we calculated the six evaluation metrics (CC, RMSE, ME, MAE, Bias and ABias) for different stations and plotted the spatial distribution of different parameters at daily, monthly and annual, respectively.
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On the daily scale, there is a moderate correlation (Figure 4a ) between 3B42V7 and meteorological station data, and better correlation is found as the altitude and rainfall increasing. The CC values of 11 sites in 23 sites are lower than 0.5, while the remaining 12 sites are higher than 0.5. The elevations of the 11 stations with correlations less than 0.5 are all less than 1700 m, except for the sites PG-3446 (0.49) and PG-3915 (0.34). For stations with corresponding CC values higher than 0.5, the site altitude is higher than 1700 m, except for the Gaotai, Jiuquan, Zhangye and Yumenzhen stations. Similar results were reported in the study of Cai et al. [19] and Xue et al. [64] , where the mountainous areas show better correlation between 3B42V7 and the rain gauge data. However, the finding is inconsistent with the study by Tan et al. [14] in the Kelantan River Basin, Malaysia, where lower CC values are found over the mountainous regions in the southwestern part of the basin. The reason for this difference is related to the different geographical location and magnitude of precipitation in different study area. Generally, the 3B42V7 shows a good correlation with stations located in the southern mountainous and central oasis areas, whereas, weak correlation is found in the northern extreme arid region. Altitude and rainfall are important factors for this distribution characteristic. of the 11 stations with correlations less than 0.5 are all less than 1700 m, except for the sites PG-3446 (0.49) and PG-3915 (0.34). For stations with corresponding CC values higher than 0.5, the site altitude is higher than 1700 m, except for the Gaotai, Jiuquan, Zhangye and Yumenzhen stations. Similar results were reported in the study of Cai et al. [19] and Xue et al. [64] , where the mountainous areas show better correlation between 3B42V7 and the rain gauge data. However, the finding is inconsistent with the study by Tan et al. [14] in the Kelantan River Basin, Malaysia, where lower CC values are found over the mountainous regions in the southwestern part of the basin. The reason for this difference is related to the different geographical location and magnitude of precipitation in different study area. Generally, the 3B42V7 shows a good correlation with stations located in the southern mountainous and central oasis areas, whereas, weak correlation is found in the northern extreme arid region. Altitude and rainfall are important factors for this distribution characteristic. The error magnitude of 3B42V7 measured by RMSE (MAE) ranges from 0.8 to 3.5 mm (0.1 to 1.3 mm), and exhibits a significant decreasing trend from south to north, east to west (Figure 4b,d) . Unlike the distribution of RMSE and MAE, the ME performance of different sites is more complex. As shown in The error magnitude of 3B42V7 measured by RMSE (MAE) ranges from 0.8 to 3.5 mm (0.1 to 1.3 mm), and exhibits a significant decreasing trend from south to north, east to west (Figure 4b,d) . Unlike the distribution of RMSE and MAE, the ME performance of different sites is more complex. As shown in Figure 4c , the ME ranges from −0.2 to 0.5 mm, and the negative values are mostly distributed at the sites above 3000 m, which suggests that the 3B42V7 rainfall product is more likely to underestimate the precipitation in high-altitude mountainous areas and overestimate the precipitation in low-elevation areas.
As for bias, the Relative Bias (Bias) and Relative Absolute Bias (ABias) at the daily scale between the two datasets in different stations were calculated respectively. Figure 4e ,f both indicate that the 3B42V7 rainfall product has superior precipitation detection capabilities in high altitudes than in low altitudes. In Figure 4e , the Bias ranges from −15% to 120%. The negative values are relatively small and are concentrated in high-altitude sites in the southern part of the study area. Whereas, most of the low altitude stations in the northern extreme arid area have positive values and are relatively high in magnitude. In Figure 4f , the ABias ranges from 96% to 225%, with lower values concentrated in the southern mountainous stations. As the altitude and rainfall gradually decrease, the ABias value increases from south to north, and the maximum value is located at the Ejina station, which is the northernmost station in the Hexi region.
In order to analyze the relations between evaluation metrics and elevation/rainfall, scatter plots of the six consecutive statistical indicators for each station against its elevation/average annual rainfall were shown in Figure 5 . All the six evaluation metrics show similar trend for both elevation and average annual rainfall. With the increase of elevation/average annual rainfall, CC, RMSE and MAE increase, whereas, ME, Bias and ABias show a decrease trend. It is important to note that MAE, ABias and RMSE show a better linear relationship with altitude/average annual rainfall than CC, ME and Bias, of which the first three indicators all measure the absolute error magnitude, and the following three indices measure the relative error. This indicates that the absolute error distribution characteristics of 3B42V7 rainfall product have a significant correlation with altitude and rainfall. Furthermore, it is very interesting to find that the decrease trend of Bias with increasing elevation/rainfall (Figure 5i,j) is different from the study by Xu et al. [17] over southern Tibetan Plateau, where with the increase of rainfall, Bias of TRMM also increase. The reason for this difference may be attributed to the discrepancy in precipitation amount. The Hexi region is located in the northeastern edge of the Qinghai-Tibet Plateau descending zone, with an average precipitation of just 0.52 mm/d, while the average precipitation over southern Tibetan Plateau is 2.42 mm/d [17] , about five times of the former. Figure 4c, the ME ranges from −0.2 to 0.5 mm, and the negative values are mostly distributed at the sites above 3000 m, which suggests that the 3B42V7 rainfall product is more likely to underestimate the precipitation in high-altitude mountainous areas and overestimate the precipitation in low-elevation areas. As for bias, the Relative Bias (Bias) and Relative Absolute Bias (ABias) at the daily scale between the two datasets in different stations were calculated respectively. Figure 4e ,f both indicate that the 3B42V7 rainfall product has superior precipitation detection capabilities in high altitudes than in low altitudes. In Figure 4e , the Bias ranges from −15% to 120%. The negative values are relatively small and are concentrated in high-altitude sites in the southern part of the study area. Whereas, most of the low altitude stations in the northern extreme arid area have positive values and are relatively high in magnitude. In Figure 4f , the ABias ranges from 96% to 225%, with lower values concentrated in the southern mountainous stations. As the altitude and rainfall gradually decrease, the ABias value increases from south to north, and the maximum value is located at the Ejina station, which is the northernmost station in the Hexi region.
In order to analyze the relations between evaluation metrics and elevation/rainfall, scatter plots of the six consecutive statistical indicators for each station against its elevation/average annual rainfall were shown in Figure 5 . All the six evaluation metrics show similar trend for both elevation and average annual rainfall. With the increase of elevation/average annual rainfall, CC, RMSE and MAE increase, whereas, ME, Bias and ABias show a decrease trend. It is important to note that MAE, ABias and RMSE show a better linear relationship with altitude/average annual rainfall than CC, ME and Bias, of which the first three indicators all measure the absolute error magnitude, and the following three indices measure the relative error. This indicates that the absolute error distribution characteristics of 3B42V7 rainfall product have a significant correlation with altitude and rainfall. Furthermore, it is very interesting to find that the decrease trend of Bias with increasing elevation/rainfall (Figure 5i,j) is different from the study by Xu et al. [17] over southern Tibetan Plateau, where with the increase of rainfall, Bias of TRMM also increase. The reason for this difference may be attributed to the discrepancy in precipitation amount. The Hexi region is located in the northeastern edge of the Qinghai-Tibet Plateau descending zone, with an average precipitation of just 0.52 mm/d, while the average precipitation over southern Tibetan Plateau is 2.42 mm/d [17] , about five times of the former. Figure 6 shows the comparison between 3B42V7 and rain gauge precipitation estimates on monthly scale. The 3B42V7 rainfall product shows an excellent agreement with the rain gauge data at monthly scale. All CC values in the 23 rain gauges are higher than 0.69, more than 10 rain gauges' CC value are higher than 0.90. Among the 19 sites above 1200 m above sea level, the CC values are all above 0.8, except for the Hongliuhe (0.75) and Jingtai (0.73) sites. The ABias ranges from 20% to 150% (Figure 6f) , lower than the daily ABias (96% to 225%), indicating that the accuracy of 3B42V7 rainfall product is higher on larger time scale. Figure 6 shows the comparison between 3B42V7 and rain gauge precipitation estimates on monthly scale. The 3B42V7 rainfall product shows an excellent agreement with the rain gauge data at monthly scale. All CC values in the 23 rain gauges are higher than 0.69, more than 10 rain gauges' CC value are higher than 0.90. Among the 19 sites above 1200 m above sea level, the CC values are all above 0.8, except for the Hongliuhe (0.75) and Jingtai (0.73) sites. The ABias ranges from 20% to 150% (Figure 6f) , lower than the daily ABias (96% to 225%), indicating that the accuracy of 3B42V7 rainfall product is higher on larger time scale. We also examined the dependence of the six evaluation indices on elevation/average annual rainfall based on monthly precipitation in Figure 7 , and similar trends with daily scale were found. It is important to note that the R 2 of MAE, ABias and RMSE have a certain degree of decline compared with the daily scale, which indicates that the distribution of the error on the daily scale is more related to the elevation/rainfall.
As for the annual scale (Figure 8 ), the CC value ( Figure 8a) shows a great degree of irregularity due to the shorter data years. It is worth noting that negative values appear at some high-altitude sites, indicating a decreasing trend of 3B42V7 with the increasing of the rain gauge data. The error magnitude of 3B42V7 measured by RMSE (Figure 8b ), ME ( Figure 8c ) and MAE (Figure 8d ) increase in quantity, but the trend of change is similar to that on the daily scale. The ABias ranges from 7% to 125% (Figure 8f) , lower than the daily (96% to 225%) and monthly (20% to 150%) scale. We also examined the dependence of the six evaluation indices on elevation/average annual rainfall based on monthly precipitation in Figure 7 , and similar trends with daily scale were found. It is important to note that the R 2 of MAE, ABias and RMSE have a certain degree of decline compared with the daily scale, which indicates that the distribution of the error on the daily scale is more related to the elevation/rainfall.
As for the annual scale (Figure 8 ), the CC value ( Figure 8a) shows a great degree of irregularity due to the shorter data years. It is worth noting that negative values appear at some high-altitude sites, indicating a decreasing trend of 3B42V7 with the increasing of the rain gauge data. The error magnitude of 3B42V7 measured by RMSE (Figure 8b ), ME ( Figure 8c ) and MAE (Figure 8d ) increase in quantity, but the trend of change is similar to that on the daily scale. The ABias ranges from 7% to 125% (Figure 8f) , lower than the daily (96% to 225%) and monthly (20% to 150%) scale. Figure 9 shows the linear relationship between the six evaluation metrics and elevation/rainfall based on annual precipitation. Different from the daily and monthly scales, CC shows a decreasing trend with the increasing altitude/rainfall at annual scale. The R 2 of CC is lower than it at the monthly scale, but still higher than it at the daily scale; and R 2 values for MAE, ABias and RMSE are further decreased compared to the monthly scale. It is further confirmed that the relations between evaluation metrics and altitude/rainfall is more relevant on a smaller time scale. Figure 9 shows the linear relationship between the six evaluation metrics and elevation/rainfall based on annual precipitation. Different from the daily and monthly scales, CC shows a decreasing trend with the increasing altitude/rainfall at annual scale. The R 2 of CC is lower than it at the monthly scale, but still higher than it at the daily scale; and R 2 values for MAE, ABias and RMSE are further decreased compared to the monthly scale. It is further confirmed that the relations between evaluation metrics and altitude/rainfall is more relevant on a smaller time scale. 
Analysis of the Detection Capability on Rainfall Events
The evaluation of this part mainly focuses on the ability to detect the occurrence or not of rainfall events. Based on Equations (7)- (10), the categorical statistical indices in different stations were calculated respectively. In general, the 3B42V7 rainfall product has a certain degree of detection capability for rainfall events in the Hexi region, with an average POD of 0.59, FAR of 0.60, FBI of 1.46, and CSI of 0.32, but the accuracy is relatively low. Figure 10 shows the spatial distribution of four categorical statistical indices based on the daily precipitation from 2009-2015. As shown in Figure 10a , the POD values ranges from 0.37-0.71 and the high-value sites are mostly located in the southeastern mountainous areas, where the altitude and rainfall are relatively higher. The FAR values are within 0.42 to 0.81, and sites with relatively higher elevations in the southeast show smaller FAR values (Figure 10b ), indicating that 3B42V7 has a relatively small misjudgment rate of precipitation events in high-altitude areas. The FBI value is all above 1 in addition to the Hongliuhe station (0.93) (Figure 10c) , indicating that the 3B42V7 has an overall overestimation of precipitation events in the Hexi region.
The CSI values are all below 0.5 (Figure 10d) , which means that the proportion of the precipitation events correctly detected by 3B42V7 is less than 50% of the total detection amount.
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BIAS Correction Results
Results showed that although the 3B42V7 rainfall product can effectively capture the spatiotemporal variations of precipitation in the Hexi region, it still has considerable errors compared with ground observations. Since precipitation inputs are one of the most important variables for climatic and hydrologic studies, bias correction of 3B42V7 is required before applied to researches.
Among the 23 stations in the Hexi region we selected five stations as verification points and the remaining 18 sites performed bias correction. The bias corrector factor ( ) is calculated based on the accumulated monthly precipitation measured at each station (Equation (11)). Then, the corrected 3B42V7 monthly precipitation at the location i can be calculated based on Equation (12) . In order to verify the efficacy of this correction method, the Relative Bias and RMSE were calculated for both original and bias-corrected 3B42V7 rainfall product (Table 4) . Results showed that the data quality of the bias-corrected 3B42V7 product has been significantly improved, except for stations with relatively low initial Bias such as Hongliuhe, Yumenzhen and Qilian.
By using the inverse distance weighting interpolation method, the K value distribution map for 3B42V7 of the whole Hexi region was obtained ( Figure 12 ). The bias corrector factor in the Hexi region is between 0.47 and 1.14, showing a trend of increasing from north to south. We then extracted the bias corrector factors for the 5 verification stations from the K values distribution map. Additionally, the bias-corrected monthly 3B42V7 was calculated based on these K values. Table 5 shows the bias correction results of the verification stations. Compared with the original data, the Bias and RMSE values for bias-corrected 3B42V7 of the five verification stations all show a certain degree of reduction. Therefore, the bias corrector factors obtained by above method in the Hexi region are considered credible and can be used for bias correction of 3B42V7 rainfall product across the whole basin. As an example, the graphical comparison between stations, original 3B42V7 and In summary, the 3B42V7 precipitation product significantly overestimated the precipitation events in the Hexi region, and the overestimation focused on the tiny rain (0-1 mm/d), which is also the range of false alarm concentration. This is because the amount of precipitation detected by satellites is atmosphere precipitable water. Under strong evaporation in arid regions, part of the water vapor evaporates during the landing process and does not form effective precipitation. This results in a severe overestimation of precipitation in this area.
Among the 23 stations in the Hexi region we selected five stations as verification points and the remaining 18 sites performed bias correction. The bias corrector factor (K i ) is calculated based on the accumulated monthly precipitation measured at each station (Equation (11)). Then, the corrected 3B42V7 monthly precipitation at the location i can be calculated based on Equation (12) . In order to verify the efficacy of this correction method, the Relative Bias and RMSE were calculated for both original and bias-corrected 3B42V7 rainfall product (Table 4) . Results showed that the data quality of the bias-corrected 3B42V7 product has been significantly improved, except for stations with relatively low initial Bias such as Hongliuhe, Yumenzhen and Qilian.
By using the inverse distance weighting interpolation method, the K value distribution map for 3B42V7 of the whole Hexi region was obtained ( Figure 12 ). The bias corrector factor in the Hexi region is between 0.47 and 1.14, showing a trend of increasing from north to south. We then extracted the bias corrector factors for the 5 verification stations from the K values distribution map. Additionally, the bias-corrected monthly 3B42V7 was calculated based on these K values. Table 5 shows the bias correction results of the verification stations. Compared with the original data, the Bias and RMSE values for bias-corrected 3B42V7 of the five verification stations all show a certain degree of reduction. Therefore, the bias corrector factors obtained by above method in the Hexi region are considered credible and can be used for bias correction of 3B42V7 rainfall product across the whole basin. As an example, the graphical comparison between stations, original 3B42V7 and bias-corrected 3B42V7 of partial stations is shown in Figure 13 (including two experimental stations and two verification stations). bias-corrected 3B42V7 of partial stations is shown in Figure 13 (including two experimental stations and two verification stations). Since various rainfall-runoff simulations were established using only daily precipitation data, the bias-corrected 3B42V7 monthly precipitation values were then disaggregated into daily time series ones for each grid. To achieve this, the temporal disaggregation coefficient ( ) was first derived from the station daily time series based on the Equation (13) . The , , ratios were then applied back to the bias-corrected 3B42V7 monthly values to calculate the daily series estimates (Equation (14)).
Similar to the monthly scale, we also show an example of two experimental stations and two verification stations to illustrate the validity of this disaggregation method for daily time scale. Figure 14 shows the correlation between the daily precipitation data at stations and their corresponding bias-corrected daily 3B42V7 values. On daily time scale, the correlation of the bias-corrected 3B42V7 rainfall product compared with ground observations increased significantly. Since various rainfall-runoff simulations were established using only daily precipitation data, the bias-corrected 3B42V7 monthly precipitation values were then disaggregated into daily time series ones for each grid. To achieve this, the temporal disaggregation coefficient ( f i ) was first derived from the station daily time series based on the Equation (13) . The f i,d,m ratios were then applied back to the bias-corrected 3B42V7 monthly values to calculate the daily series estimates (Equation (14)).
Similar to the monthly scale, we also show an example of two experimental stations and two verification stations to illustrate the validity of this disaggregation method for daily time scale. Figure 14 shows the correlation between the daily precipitation data at stations and their corresponding bias-corrected daily 3B42V7 values. On daily time scale, the correlation of the bias-corrected 3B42V7 rainfall product compared with ground observations increased significantly. The coefficient of determination (R 2 ) increased from 0.21 to 0.92 for Dingxin station, 0.43 to 0.91 for PG-3446 station, 0.32 to 0.94 for Jinta station and 0.43 to 0.89 for Zhangye station, respectively. Considering the relatively high bias values and low correlation coefficients of the original data at the daily time scale, the method of correcting 3B42V7 product using the monthly mean deviation is considered to be feasible in the Hexi region.
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Conclusions
Satellite rainfall products play an important role in climate and hydrological research, particularly for the remote arid regions with adverse natural conditions. This study assesses the TRMM 3B42V7 rainfall product based on 23 meteorological stations over the Hexi region in northwestern China during 2009-2015. The daily, monthly, seasonal and annual precipitation time series were analyzed. Both the error and detection capabilities were evaluated and quantified through continuous and categorical statistical indices at different time scales. The major conclusions can be summarized as follows:
1. The 3B42V7 rainfall product can effectively capture the spatiotemporal variations of precipitation in the Hexi region and overestimate the precipitation with Bias of 11.16%, and ABias of 121.99%, 43.80%, 25.87% at daily, monthly and annual respectively. Compared with ground observations, 3B42V7 shows relatively low correlation at daily time series than at monthly and annual time series. Precipitation in the Hexi region has an obvious seasonal distribution characteristic. The 3B42V7 performs much better during warm seasons (summer and autumn) than in cold seasons (spring and winter). 2. Similar spatial distribution characteristics of evaluation metrics are found at daily, monthly and annual time scales. The 3B42V7 is more likely to underestimate the precipitation in high-altitude mountainous areas and overestimate the precipitation in low-elevation areas. The 3B42V7 
1.
The 3B42V7 rainfall product can effectively capture the spatiotemporal variations of precipitation in the Hexi region and overestimate the precipitation with Bias of 11.16%, and ABias of 121.99%, 43.80%, 25.87% at daily, monthly and annual respectively. Compared with ground observations, 3B42V7 shows relatively low correlation at daily time series than at monthly and annual time series. Precipitation in the Hexi region has an obvious seasonal distribution characteristic. The 3B42V7 performs much better during warm seasons (summer and autumn) than in cold seasons (spring and winter).
2.
Similar spatial distribution characteristics of evaluation metrics are found at daily, monthly and annual time scales. The 3B42V7 is more likely to underestimate the precipitation in high-altitude mountainous areas and overestimate the precipitation in low-elevation areas. The 3B42V7 shows better correlation with rain gauges located in the southern mountainous and central oasis areas than in the northern extreme arid region. The error magnitude measured by RMSE (MAE) exhibited a significant decreasing trend from south to north, east to west. 3.
Altitude and rainfall are important factors for the different distribution of the evaluation indexes. Absolute error distribution characteristics (MAE, ABias and RMSE) of 3B42V7 have better correlation with altitude and rainfall than the relative error indexes (CC, ME and Bias).
The distribution of the error on the daily scale is more related to the elevation and rainfall than in monthly and annual scale.
4.
The ability of 3B42V7 to detect precipitation events increases with the increasing of precipitation intensity. The 3B42V7 significantly overestimates the precipitation events in the Hexi region with an average POD of 0.59, FAR of 0.60, FBI of 1.46, and CSI of 0.32. The overestimation is mainly concentrated in tiny rain (0-1 mm/d). Better detection capabilities can be found at high-altitude areas.
5.
The bias-corrected 3B42V7 has been significantly improved in both the monthly and daily time series. The method of correcting 3B42V7 product using the monthly mean deviation is considered to be feasible and can be used for bias correction of 3B42V7 rainfall product across the whole Hexi region.
The findings of this study suggest that although the 3B42V7 rainfall product can capture the temporal and spatial variations of precipitation in the Hexi region, it still has considerable errors compared to ground observations. The bias-corrected monthly, annual and disaggregated daily 3B42V7 data has good reference value for climate and hydrological applications. However, in the data correction process, we ignore the influence of topographic factors, and the correction method has a strong dependence on ground observations. Further research should strengthen the role of topographical factors in the data correction process, find better data correction methods, and apply the revised data to regional hydrological simulation.
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